The biodegradation of nitrilotriacetic acid (NTA), a synthetic replacement detergent builder, in the estuarine environment was examined by using a laboratory estuarine simulation. Two interdependent microcosms were used; each of five vessels was equilibrated with a saline gradient between 1.30 and 17.17%o, with the final vessel subsequently being increased to a maximum salinity of 31.6%o. Each microcosm was seeded simultaneously with heterotrophic bacteria from both fresh and saline sources. Viable counts demonstrated the ability of each microcosm to sustain a mixed heterotrophic bacterial community throughout the range of salinities for 183 days after a stabilization period. Isolation studies demonstrated that both systems contained four bacterial species, representatives of the genera Vibrio and Flavobacterium and members of the coryneform group and the family Enterobacteriaceae. Total bacterial numbers and species diversity decreased with increased salinity. NTA was administered at low and high concentrations, one concentration to each microcosm, initially with the least amount of saline. Removal of both concentrations of NTA occurred and was attributed to biodegradation after a period of bacterial acclimatization. Subsequent dosing of NTA to vessels of higher salinity demonstrated that biodegradation was incomplete at observed mean salinities of >9.18%o at low influent NTA concentrations and >5.08f%r at high influent NTA concentrations. Therefore, acclimatization was dose dependent. It was concluded that NTA acclimatization at the higher salinities ceased because of salinity stress-induced failure of NTA catabolism and not the disappearance of a particular bacterial species.
The use of sodium tripolyphosphate detergent builders has been cited as a major source of the contribution of phosphorus to eutrophication of water bodies (20) . As a consequence several potential substitute detergent builders have been proposed, of which the most notable is nitrilotriacetic acid (NTA) (15, 23) . Currently NTA is in limited use (less than 1% by weight of total detergent consumption) in several European countries such as Sweden, Switzerland, the Federal Republic of Germany, and The Netherlands (23) . In North America, up to 15% by weight is used in Canada; however, in the United States NTA was withdrawn from use in 1969 at the request of the U.S. Surgeon General on the grounds that is may be detrimental to public health. This position has recently been relaxed at the federal level, and there is limited use of NTA in Indiana, although New York State has stated its intention to ban the use of detergent formulations containing NTA (23) . A variety of toxicological effects have been reported for NTA and its trisodium salt, including tumorigenesis in the rat kidney (7) and carcinogenic properties in rat and mouse urinary tracts (19) . Re- cently, in mammalian cell cultures, increased mutagenicity has been demonstrated by NTA when it is complexed with chromium (33) .
NTA is biodegradable after a period of acclimatization in aerobic biological sewage treatment processes (30) . However, incomplete removal of NTA during wastewater treatment has been demonstrated (9, 31) . This will inevitably occur and result in discharge of NTA to receiving waters (37) . Although NTA biodegradation occurs in freshwater riverine systems after acclimatization (15, 32) , heterotrophic bacteria associated with sewage discharges have been unable to acclimatize to NTA in the saline environment of a marine simulation, under either aerobic or anoxic conditions (12) . Certain estuarine bacteria have demonstrated NTAdegrading potential when it is transferred to a freshwater medium, but they were unable to demonstrate this under saline conditions (4) .
Multistage microcosm investigations have monitored the response of bacterial species with respect to certain naturai environmental parameters (16, 17, 35 Lon- don, United Kingdom) to remove suspended solids and phytoplankton but to retain suspended bacteria. The freshwater was pumped to C1 vessels and the seawater was pumped to C5 vessels for a period of 7 days to seed the microcosms. Subsequently, the bacterial populations were maintained with a weak synthetic sewage solution (12) containing neutralized bacteriological peptone (0.0936 g/liter; L34; Oxoid Ltd., London, England); Lab Lemco powder (0.00624 g/liter; L29; Oxoid) and NH4Cl (0.00288 g/liter). This was prepared in 10-liter volumes and sterilized by autoclaving for 15 min at 121°C, and became the freshwater end member of salinity 0.02%o (Fig. 1) . After seeding, the saline end member contained a synthetic seawater solution of salinity 35%o (18) Addition of NTA. Initially NTA was added to each of the freshwater end members as the Gold label trisodium salt N(CH2CO2Na)3 * H20 (Aldrich Chemical Co., Inc., Milwaukee, Wis.) to obtain the low or high modeled NTA concentration in the respective C1 vessels. NTA was administered directly to the individual vessel ( Fig. 1 ) at a salinity of 2.21%o or above from stock solutions of 87.8 and 877.8 mg of Na3NTA per liter to achieve the modeled low and high NTA concentrations, respectively (Tables 1 and 2 Sampling and analysis. Salinity measurements were taken every 2 days by a conductivity probe method (29) . The probe was connected to a PTI-20 digital water analyzer (Data Scientific, High Wycombe, United Kingdom) and was calibrated prior to the recording of each group of readings with synthetic seawater standards. Simultaneous temperature measurements were taken with a temperature probe connected to the same analyzer. Dissolved oxygen concentrations were maintained at saturation throughout and determined with a dissolved oxygen probe (Uniprobe, Cardiff, United Kingdom) connected to a portable meter (model 410; Uniprobe). Samples were taken from appropriate vessels every 2 days immediately following these routine measurements and preserved in 0.5% (vol/vol) Analar formaldehyde (BDH Chemicals) prior to NTA analysis. A differential pulse polarographic method, as described previously for saline conditions (13) , was used for the determination of NTA concentrations down to 0.05 mg/liter.
Bacterial assessment. Viable counts of bacteria were determined by standard microbial techniques (6, 25) . The solid marine medium of Anderson (la) was used as recommended previously for maximal estuarine bacterial growth (6) and was corrected to the salinity that was applicable to each vessel. Viable counts were determined by using a minimum RESULTS Salinities. The steady-state operating characteristics of the two microcosms are presented in Tables 1 and 2 . The recorded salinities up to the modeled 17.51%o vessel are means of 77 readings; and the modeled salinities of 20, 25, and 307oo are means of 11, 8, and 9 readings, respectively. Paired Student t tests indicated that there was no significant difference (P = 0.05) between the corresponding mean observed salinities of the two microcosms; therefore, the salinity gradients achieved were comparable. Mean observed salinities were regressed against modeled salinities, giving correlation coefficients of 0.998 and 0.999 for the low and high NTA dosed microcosms, respectively. These coefficients were significant (P = 0.01); therefore, the model is a representaive description of the salinities produced in the microcosm vessels.
NTA behavior. The operational characteristics, including acclimatization times, of the bacterial communities to the low and high concentrations of NTA are presented in Tables  1 and 2 , respectively. Typically, the vessel to which NTA was dosed displayed peak concentrations 2 to 3 days after dosing commenced. When NTA was dosed at the lower salinities, smaller, often delayed NTA peaks were observed in the adjacent vessels of higher salinity. The delay suggests that initial removal is a consequence of dilution rather than degradation. When acclimatization occurred the NTA concentrations in the dosed vessels declined on subsequent days, followed closely by similar reductions in the connected vessels of higher salinity. A family of related curves of NTA concentrations was therefore produced when it was dosed at any particular salinity (for example, dosing to 2.21%o nominal salinity; Fig. 2 ).
The acclimatization period (Tables 1 and 2) (Fig. 3) was performed 5 days after completion of bacterial seeding; this would account for the magnitude of difference observed in bacterial numbers between the first and subsequent counts. However, analysis of variance of this count, omitting the nominal salinity of 1.11%o, indicated that there was a significant inverse relationship (P = 0.001) between bacterial numbers and salinity. A significant difference (P = 0.001) between the microcosms was also evident, with relatively lower numbers being present in the microcosm later used for high NTA dosing (Fig. 3) . The large observed drop in bacterial numbers between the vessels with a nominal salinity of 1.11 and 2.21%oo could be due to several factors, including differential retention time and salinity.
An analysis of variance performed on the low-and highdosed microcosms by using the counts on days 33, 78, and 123, respectively (Fig. 3) , exhibited no significant difference (P = 0.05) between bacterial numbers in vessels of corresponding salinity as NTA dosing was moved to the higher salinities. This indicates that the positional change of NTA addition had no effect on bacterial numbers. During these counts nominal salinities remained at 1.11, 2.21, 4.39, 8 .77, and 17.51%o, for C1 through C5, respectively. The final count on day 182 (Fig. 3) was conducted when the salinity in the C5 vessel, previously 17.51%o nominally, was elevated to 30%c.
The lowest bacterial count was observed in these vessels, regardless of NTA dosing status, indicating that the reduction of bacterial numbers in the Cs vessels was a consequence of salinity change as the sewage feed and NTA dosing remained unchanged from the previous count.
Overall analysis of variance encompassing all but the initial count, the count on day 7 (Fig. 3) , and actual salinities confirmed a significant relationship (P = 0.001) between salinity and bacterial numbers. There was also a significant difference (P = 0.001) between bacterial numbers in the high and low NTA dosed systems dosed in the same manner, as indicated in the initial count. This suggests that no suppression of bacterial numbers occurs as a consequence of NTA addition.
Standard cellular and morphological tests indicated that during the viable counts four bacterial species were consistently observed in the microcosm. One additional unidentified species was noted occasionally, but this was very infrequent and was confined to the vessels with less saline (nominally 1.11 and 2.21%o). The genus Vibrio was the most ubiquitous and appeared in significant numbers in all the microcosm vessels, regardless of salinity, as did an indeterminate species of the coryneform group of bacteria. These two types of bacteria formed the majority of the suspended heterotrophic bacterial biomass that was present within the microcosms. The two remaining species occurred regularly but in lower numbers and were members of the genus Flavobacterium and the family Enterobacteriaceae. The members of the family Enterobacteriaceae were frequent in the more saline vessels of the microcosms, especially in the microcosm dosed at the higher NTA concentration, and absent in the vessels with mean salinities of 4.15 and 5.05%o and below in the low and high NTA dosed microcosms, respectively. The relative proportions of all the species determined the diversity change in each microcosm (Fig. 4) ; the reduction in species diversity was greatest in the observed salinity range of 2 to 16%o.
DISCUSSION
The stable bacterial community produced along the salinity gradient of the microcosm system is consistent with the findings of Bell and Albright (3) , which were that variation of attached and free-floating aquatic bacteria from a wide variety of sources could be accounted for largely by salinity and particulate load changes. The absence of suspended solids in the microcosm input enabled the development of mainly suspended heterotrophic bacteria,, therefore corresponding to estuaries exhibiting low particulate loads such as the Newport River estuary in the United States (21, 22) . The microcosms can be used as a simplified estuarine analog because of the inverse relationship between bacterial numbers and salinity observed in such an estuary (21) .
Species of the genus Vibrio (28), the coryneform group (26) , and the genus Flavobacterium (34) (11) . In natural estuarine environments, continual bacterial input from freshwater, marine, and adjacent land runoff sources encourage a greater species diversity that does not occur in the microcosm vessels. Reduction in diversity with increased salinity, although less evident in the low NTA dosed microcosm, is a result of less equal distribution of bacterial numbers between the three more abundant genera rather than the loss of the member of the Enterobacteriaceae. This is unlikely to affect the NTA degradation, however, because of the maintenance of the relatively high bacterial numbers throughout which are comparable to those in several estuaries (24) . The loss of the Enterobacteriaceae did not significantly affect biodegradation of NTA, as the mean removal of NTA was unchanged when the genus was not present in the vessels with nominal salinities of 1.11 and 2.21%o. The decrease in diversity toward the more saline vessels is therefore attributable to salinity stress. The acclimatization times and turnover rates observed in this study indicate that NTA biodegradation is seriously affected at mean overall salinities above 9.18%o at low NTA concentrations and above 5.08%o at high NTA concentrations. Batch studies have demonstrated a reduced rate of NTA metabolism above 15%o with concentrations of NTA between 20 and 250 mg/liter, which are higher than those expected in natural waters (15, 37; Salomons and van Pagee, Proceedings of the International Conference of Heavy Metals in the Environment), suggesting catabolic pathway inhibition by high concentrations of sodium chloride (4). Similar effects have been noted in response to low concentrations of another chelating agent, EDTA, by the common sewage bacterium Escherichia coli (10) . Seeding of the higher salinity vessels by previously acclimatized bacteria from adjacent vessels of the microcosm should have improved the initial biodegradative ability of the community within the seeded vessel, with acclimatized bacteria rapidly becoming dominant on the introduction of NTA. However, their inability to do so suggests that metabolic inhibition of the degradative pathway occurs at the higher salinities. The increase in importance of nitrogen as a limiting nutrient in estuarine environments (27) , and therefore NTA as a source, coupled with the inability of estuarine bacteria to use NTA as a sole carbon source under saline conditions but not under freshwater conditions (4) , is also consistent with the notion of metabolic inhibition rather than the lack of bacterial numbers or the loss of species. Results of this study indicate that bacteria are unable to acclimatize to NTA at moderate salinities and that prior exposure to a proportion of the bacteria will not induce biodegradation at those salinities. NTA will therefore probably persist when discharged into the estuarine environment.
